Acid reflux-induced heartburn and noncardiac chest pain are processed peripherally by sensory nerve endings in the wall of the esophagus, but the underlying mechanism is still unclear. This study aims to determine the effects of acid on esophageal vagal nociceptive afferent subtypes. Extracellular singleunit recordings were performed in guinea pig vagal nodose or jugular C fiber neurons by using ex vivo esophageal-vagal preparations with intact nerve endings in the esophagus. We recorded action potentials (AP) of esophageal nodose or jugular C fibers evoked by acid perfusion and compared esophageal distension-evoked AP before and after acid perfusion. Acid perfusion for 30 min (pH range 7.4 to 5.8) did not evoke AP in nodose C fibers but significantly decreased their responses to esophageal distension, which could be recovered after washing out acid for 90 min. In jugular C fibers, acid perfusion not only evoked AP but also inhibited their responses to esophageal distension, which were not recovered after washing out acid for 120 min. Lower concentration of capsaicin perfusion mimicked acidinduced effects in nodose and jugular C fibers. Pretreatment with TRPV1 antagonist AMG9810, but not acid-sensing ion channel (ASIC) inhibitor amiloride, significantly inhibited acid-induced effects in nodose and jugular C fiber. These results demonstrate that esophageal vagal nociceptive afferent nerve subtypes display distinctive responses to acid. Acid activates jugular, but not nodose, C fibers and inhibits both of their responses to esophageal distension. These effects are mediated mainly through TRPV1. This inhibitory effect is a novel finding and may contribute to esophageal sensory/motor dysfunction in acid reflux diseases.
Yu X, Hu Y, Yu S. Effects of acid on vagal nociceptive afferent subtypes in guinea pig esophagus. Am J Physiol Gastrointest Liver Physiol 307: G471-G478, 2014. First published July 3, 2014; doi:10.1152/ajpgi.00156.2014.-Acid reflux-induced heartburn and noncardiac chest pain are processed peripherally by sensory nerve endings in the wall of the esophagus, but the underlying mechanism is still unclear. This study aims to determine the effects of acid on esophageal vagal nociceptive afferent subtypes. Extracellular singleunit recordings were performed in guinea pig vagal nodose or jugular C fiber neurons by using ex vivo esophageal-vagal preparations with intact nerve endings in the esophagus. We recorded action potentials (AP) of esophageal nodose or jugular C fibers evoked by acid perfusion and compared esophageal distension-evoked AP before and after acid perfusion. Acid perfusion for 30 min (pH range 7.4 to 5.8) did not evoke AP in nodose C fibers but significantly decreased their responses to esophageal distension, which could be recovered after washing out acid for 90 min. In jugular C fibers, acid perfusion not only evoked AP but also inhibited their responses to esophageal distension, which were not recovered after washing out acid for 120 min. Lower concentration of capsaicin perfusion mimicked acidinduced effects in nodose and jugular C fibers. Pretreatment with TRPV1 antagonist AMG9810, but not acid-sensing ion channel (ASIC) inhibitor amiloride, significantly inhibited acid-induced effects in nodose and jugular C fiber. These results demonstrate that esophageal vagal nociceptive afferent nerve subtypes display distinctive responses to acid. Acid activates jugular, but not nodose, C fibers and inhibits both of their responses to esophageal distension. These effects are mediated mainly through TRPV1. This inhibitory effect is a novel finding and may contribute to esophageal sensory/motor dysfunction in acid reflux diseases. esophagus; vagal; C fiber; acid; TRPV1; ASICs ACID REFLUX IN THE ESOPHAGUS can induce esophageal painful sensation such as heartburn and noncardiac chest pain. Proton pump inhibitor (PPI) therapy is often effective for symptom relief, but one-third of patients still have persistent symptoms during PPI therapy. A better understanding of the mechanisms of acid-evoked esophageal nociception will be helpful to develop an effective pain modulator to manage these symptoms in addition to PPIs. Esophageal sensation and nociception are generated from sensory afferent nerve endings in the wall of the esophagus and transmitted through both spinal (6, 15, 16) and vagal (13, 14, 23, 25) pathways to the central nervous system to induce painful sensation (11) . Nociceptors are special subtypes of sensory afferents, which include C fibers and A␦ fibers and are able to respond to noxious chemical, mechanical, and thermal stimuli. In both somatic and visceral tissues, nociceptive C fiber activation is usually associated with painful sensations (10) . Based on this, a key event triggering sensations such as heartburn and pain from the esophagus is likely to involve the activation of esophageal C fibers. More definitive statements in this regard cannot be made at this time since there is little known about the characteristics and activation/sensitization mechanisms of esophageal nociceptors. The most common noxious stimuli are usually from refluxed gastric contents such as acid and bile salts. These refluxates may directly activate esophageal nociceptors or induce local inflammation, which then sensitize esophageal nociceptors (11) .
The response of sensory afferent to tissue acidosis depends on extracellular pH and requires different ion channels/receptors including acid-sensing ion channels (ASICs); transient receptor potential vanilloid-1 (TRPV1); ionotropic purinoceptors (P 2 X); several Na ϩ , K ϩ , and Ca 2ϩ channels; and protonsensing G protein-coupled receptors (7) . The expression and function of these ion channels in visceral afferent nerve subtypes, such as C fiber and A␦ fiber, are different (5) . Previous studies have demonstrated that infusion with acid at lower pH activates both esophageal spinal and vagal afferents (1, 13, 14, 16, 25) . Presently, it is still less clear which subtype of afferents and which ion channel(s) are responsible for acidinduced sensory transduction in the esophagus.
Our previous studies demonstrated that esophageal vagal afferents have distinctive subtypes of nociceptive afferents, namely nodose and jugular C fibers, but not nodose A␦ fibers. They are able to respond to mechanical stimulation in the noxious range without saturation and can be activated by noxious chemical (e.g., capsaicin) stimulation (23) . TRPV1 is a newly defined nonselective cationic ion channel. It is thermally sensitive and can be activated by capsaicin and proton (4, 10) . Activation of TRPV1 by proton in the tissue requires much lower pH (usually pH Ͻ 6.0) than most of the other acid-responsive ion channels/receptors (7, 10) . In the present study, we tested the hypothesis that, among esophageal vagal afferent subtypes, both nodose and jugular nociceptive C fibers respond to noxious acid stimulation, and such responses are mediated mainly through TRPV1.
METHODS
All experiments were approved by the Johns Hopkins Animal Care and Use Committee. Male Hartley guinea pigs (Hilltop Laboratory Animals, Scottsdale, PA) weighing 150 -300 g were used.
Esophageal-vagal preparation. Extracellular single unit recordings from nodose or jugular neurons were performed in ex vivo esophageal-vagal preparations with intact nerve endings in the esophagus according to our previous studies (22, 23) . Briefly, guinea pigs were killed by CO 2 inhalation and exsanguination, and the esophagus and trachea with intact bilateral extrinsic vagal innervation (including jugular and nodose ganglia) were dissected. The tissue was pinned in a small Sylgard-lined Perspex chamber filled with Krebs bicarbonate buffer [KBS, composed of (in mM) 118 NaCl, 5.4 KCl, 1.0 NaH 2PO4,with 95% O2-5% CO2, pH 7.4, 35°C]. The two compartments were separately superfused with KBS (pH 7.4, 35°C, 4 -6 ml/min). Polyethylene tubing was inserted 3-5 mm into the cranial and caudal esophagus and secured for esophageal distension. Isobaric (constant pressure) distension of the esophagus was achieved by increasing intraluminal esophageal pressure to 10, 30, and 60 mmHg. The pressure was generated by a calibrated device utilizing fluid (KBS) columns.
Extracellular single unit recording ex vivo. Extracellular recordings were performed via an aluminosilicate glass microelectrode pulled with a Flaming-Brown micropipette puller (Sutter Instrument, Novato, CA) and filled with 3 M sodium chloride (electrode resistance 2 M⍀). The electrode was placed into an electrode holder connected directly to the headstage (A-M Systems, Everett, WA). A return electrode of silver-silver chloride wire and ground silver-silver chloride pellet were placed in the perfusion fluid of the recording compartment. The recorded signal was amplified (Microelectrode AC amplifier 1800, A-M Systems) and filtered (low cutoff, 0.3 kHz; high cutoff, 1 kHz), and the resultant activity was displayed on an oscilloscope (TDS 340, Tektronix, Beaverton, OR) and a model TA240 chart recorder (Gould, Cleveland, OH). The data were stored and analyzed on a Macintosh computer using the software TheNerveOfIt (sampling frequency 33 kHz; PHOCIS, Baltimore, MD) and further processed with spreadsheet software (Microsoft Excel 2007).
The recording electrode was micromanipulated into the nodose or jugular ganglion (left or right). A distension-sensitive unit was identified when esophageal distension (with a rapid increase in intraluminal pressure to 60 mmHg for 5 s) evoked action potential discharge. The serosal surface of the esophagus was then searched with a stimulation electrode (pulse duration 1.5 ms, frequency 1 Hz) applied to the tissue. A mechanosensitive receptive field was located when the electronic stimulus evoked discharge of action potentials with waveforms identical to the action potentials evoked by distension. Conduction time was measured as the time between the stimulation pulse and the action potential (visualized by oscilloscope). Conduction velocity was calculated by dividing the length of the approximated nerve pathway by conduction time. Isobaric esophageal distension for 20 s with an intraluminal pressure of 10, 30, and 60 mmHg separated by at least 60 s was used to determine the distension pressure-nerve activity relationship of an esophageal afferent fiber. To assess the reproducibility of distension-evoked activation, this distension protocol was repeated after at least 5 min. The distension-evoked response was quantified as the peak frequency of action potentials discharged during the 20 s of distension from which the spontaneous activity (if present) was subtracted. The peak frequency (Hz) was defined as the maximal frequency of action potential discharge.
After recording the baseline spontaneous activity and mechanical excitability (esophageal distension under the pressure of 10, 30, and 60 mmHg) of esophageal vagal C fiber, the acidic KBS (pH 4.4) was perfused to the serosal surface of the esophagus for 30 min. The action potential discharges of esophageal nodose or jugular C fibers induced by acid were monitored continuously for 30 min and analyzed in 1-s bins (yielding the number of action potentials in each second, Hz). The esophageal distension evoked responses of these fibers were also detected at the end of acid perfusion. Then the acid was washed out with fresh KBS (pH ϭ 7.4) for 120 min. Esophageal distensionevoked responses were recorded every 30 min during washing. At the end of recording, capsaicin (1 M) was perfused to the serosal surface of the esophagus to define the fiber type. In a separate study, the effects of lower concentrations of capsaicin (0.1-0.2 M) on esophageal afferents were investigated by the same protocol. We chose to perfuse acid through the serosal surface of the esophagus because the results from our previous study showed that intraesophageal acid (pH ϭ 2-3) infusion for more than 30 min did not activate esophageal nodose and jugular C fibers, owing to the high resistance of esophageal epithelial barrier to acid in guinea pig (25) .
To further determine the roles of TRPV1 and ASICs in acidinduced responses in vagal afferents, TRPV1 antagonist AMG9810 or ASIC inhibitor amiloride diluted in KBS (pH 7.4) was preperfused to the serosal surface of the esophagus for 30 min. Then in the presences of AMG9810 (1 M) or amiloride (10 M), acidic KBS (pH 4.4) was perfused to surface of the esophagus for another 30 min. The responses of esophageal vagal afferents were monitored continuously followed by esophageal distension at the end of chemical perfusion. The acid and the antagonist/inhibitor were washed out for 120 min, then capsaicin (1 M) or allyl isothiocyanate (AITC; 300 -400 M) was perfused at the end of the recording. The pH values in the chamber were monitored every 30 min during the whole perfusion process.
The compounds used in the experiment included hydrochloric acid (HCl, adjusted with KBS to pH ϭ 4.4), capsaicin and AITC (TRPV1 and TRPA1 agonists, usually activate C fiber), amiloride (an inhibitor of ASICs), and AMG9810 (TRPV1 antagonist) (all from SigmaAldrich, St. Louis, MO). The compounds were diluted in KBS to final concentration on the day of use.
Data analysis. In extracellular study, we only analyzed the results from capsaicin-or AITC-responsive C fibers, which were confirmed by the end of each recording to indicate that the nerve terminals were exposed to chemical perfusion. The acid-evoked nerve response was quantified as the peak frequency of the action potential discharge within a 5-min period and averaged from six recording periods for total 30 min. The peak frequency (Hz) of the action potential discharges were presented as means Ϯ SE and compared by paired t-test and one-way repeated-measure ANOVA. For all experiments, significance was defined as P Ͻ 0.05.
RESULTS
A total of 62 esophageal vagal afferent nerve fibers were recorded and analyzed in this study. The average conduction velocity of nodose C fibers was 0.84 Ϯ 0.07 m/s (n ϭ 31), and that of jugular C fibers was 0.96 Ϯ 0.06 m/s (n ϭ 31). We studied one afferent C fiber (either nodose or jugular) from each animal per day. So the total number of recorded C fibers (n) is equal to the number of animals (N) used in the experiments.
Based on our previous studies (22, 23) , we defined an afferent fiber as C fiber based on three criteria: 1) conduction velocity less than 1.0 -1.5 m/s, 2) response to mechanical stimulation in the noxious range without saturation, and 3) response to noxious chemical stimuli such as capsaicin or AITC.
In each experiment, the acidic KBS at pH 4.4 was perfused into the esophageal tissue compartment where pH value dropped from 7.4 initially to 5.84 (the lowest point) after 30-min perfusion. After washing out acid with fresh KBS for 30 min, the pH value in the tissue compartment was recovered to 7.37.
Acid activated esophageal jugular C fibers and inhibited their responses to esophageal distension. Acidic KBS significantly induced activation responses in most jugular C fibers (n ϭ 6/8) (Fig. 1A , Table 1 ). The peak discharge rate of action potentials averaged 4.75 Ϯ 1.11 Hz after acid perfusion (compared with baseline activity at 1.50 Ϯ 0.42 Hz, P ϭ 0.01, n ϭ 8) (Fig. 1B) . The activation responses persisted in the presence of acid and lasted for 15 min after washing out acid. The peak discharge rates returned back to 2.00 Ϯ 0.57 Hz after washing out acid for 30 min (compared with baseline: P ϭ 0.45, n ϭ 8) (Fig. 1A) .
Following acid perfusion for 30 min, the peak discharge rates evoked by esophageal distension significantly decreased in jugular C fibers. The peak discharge rates were 2.38 Ϯ 0.26, 3.50 Ϯ 0.38, and 7.63 Ϯ 1.25 Hz at distension pressures of 10, 30, and 60 mmHg, respectively, before acid perfusion. These rates decreased to 1.38 Ϯ 0.32, 2.13 Ϯ 0.35, and 4.75 Ϯ 1.15 Hz after acid perfusion for 30 min (before vs. after acid: P Ͻ 0.05, n ϭ 8) (Fig. 1C) .
The decreased mechanical excitability induced by acid in jugular C fibers was irreversible. The decrease of peak discharge rates evoked by esophageal distension persisted after washing out acid for 120 min. The peak discharge rates were 1.00 Ϯ 0.27, 1.50 Ϯ 0.33, and 1.88 Ϯ 0.52 Hz at distension pressures of 10, 30, and 60 mmHg, respectively, after washing out acid for 120 min (compared with control: P Ͻ 0.05, n ϭ 8). Figure 1D showed peak discharge rates evoked by esophageal distension with pressure of 30 mmHg at different time points.
To determine whether these jugular C fibers were TRPV1-positive fibers, TRPV1 agonist capsaicin (1 M) was perfused after washing out acid for 120 min. Capsaicin activated all studied jugular fibers (n ϭ 8/8) ( Table 1, Fig. 1A) . The peak discharge rates were 16.38 Ϯ 3.31 Hz after capsaicin perfusion (compared with baseline activities before capsaicin at 1.38 Ϯ 0.42 Hz, P Ͻ 0.01, n ϭ 8) (Fig. 1E) , and such activation responses were followed by total abolishment to any other stimulation in almost all recorded C fibers.
Acid did not activate esophageal nodose C fibers but inhibited their responses to esophageal distension. Acid perfusion in tissue compartment for 30 min did not evoke action potential discharges in most esophageal nodose C fibers (n ϭ 8/9) ( Table  1 , Fig. 2A ). The peak discharge rate of action potentials averaged 2.89 Ϯ 1.18 Hz (n ϭ 9) during 30-min perfusion with acid, which was not significantly above the baseline (1.67 Ϯ 0.29 Hz, P ϭ 0.36, n ϭ 9) (Fig. 2B) . After acid perfusion, their responses to esophageal distension were compared. The peak discharge rates evoked by esophageal distension were significantly decreased from 3.56 Ϯ 0.87, 6.56 Ϯ 1.38, and 10.00 Ϯ 1.70 Hz (before acid perfusion) to 2.56 Ϯ 0.77, 3.67 Ϯ 1.18, and 4.78 Ϯ 1.35 Hz (after 30-min acid perfusion) at distension pressures of 10, 30, and 60 mmHg, respectively (P Ͻ 0.05, n ϭ 9) (Fig. 2C) .
Unlike jugular C fibers, decreased responses to esophageal distension in nodose C fibers were reversible. The peak discharge rates evoked by different esophageal distension pressures returned back to 3.67 Ϯ 1.22, 5.44 Ϯ 1.34, and 8.44 Ϯ 2.14 Hz after washing out acid for 90 min (P Ͼ 0.05, compared with those before acid perfusion). Figure 2D showed the peak discharge rates evoked by esophageal distension at 30 mmHg at different time points. Capsaicin activated all nodose C fibers (n ϭ 9/9) by the end of recordings (Table 1 , Fig. 2A ). The peak discharge rates were averaged 14.33 Ϯ 2.48 Hz by capsaicin perfusion (compared with the activities before capsaicin perfusion at 1.33 Ϯ 0.29 Hz, P ϭ 0.001, n ϭ 9) (Fig. 2E) , and such activation responses were followed by total abolishment to any other stimulation in almost all recorded nodose C fibers. TRPV1 agonist capsaicin, at lower concentration, mimicked acid-induced effects in esophageal jugular and nodose C fibers. Similar to the effects induced by acid, capsaicin at a lower concentration also had distinctive effects on jugular and nodose C fibers. Capsaicin, at 0.2 M but not 0.1 M, evoked action potential discharges in jugular C fibers (n ϭ 6). The peak discharge rate of action potentials averaged 10.05 Ϯ 1.61 Hz after capsaicin perfusion (compared with baseline activity at 2.33 Ϯ 0.8 Hz, P ϭ 0.002, n ϭ 6) (Fig. 3A) . The peak discharge rates evoked by esophageal distension significantly decreased in jugular C fibers by capsaicin perfusion. The peak discharge rates were 1.5 Ϯ 0.22, 3.50 Ϯ 0.34, and 5.67 Ϯ 0.61 Hz at distension pressures of 10, 30, and 60 mmHg before capsaicin. These rates decreased to 0.67 Ϯ 0.33, 1.17 Ϯ 0.31, and 1.60 Ϯ 0.65 Hz after capsaicin perfusion (P Ͻ 0.05 at distention pressures of 30 and 60 mmHg compared with control) (Fig. 3B) .
In nodose C fibers, capsaicin (0.1 M) did not evoke action potential discharges (n ϭ 5). The peak discharge rate of action potentials averaged 2.57 Ϯ 0.57 Hz after capsaicin perfusion, which was not significantly changed (comparing with baseline activity at 2.14 Ϯ 0.4 Hz, P ϭ 0.078, n ϭ 7) (Fig. 3C ). After perfusion with capsaicin (0.1 M) for 30 min, the mechanical excitabilities were decreased in these nodose C fibers. The peak discharge rates evoked by esophageal distension were significantly decreased from 3.14 Ϯ 0.40, 4.57 Ϯ 0.72, and 7.57 Ϯ 1.29 Hz (before capsaicin perfusion) to 1.86 Ϯ 0.77, 2.57 Ϯ 1.21, and 3.00 Ϯ 1.23 Hz (after capsaicin) at distension pressures of 10, 30, and 60 mmHg, respectively (P Ͻ 0.05, at distention pressures of 30 and 60 mmHg) (Fig. 3D) .
Consistent with our previous studies (23) , capsaicin at a high concentration (1 M) first evoked action potential discharges and then abolished mechanical excitabilities in both jugular and nodose C fibers. The peak discharge rate in jugular fibers was 10.00 Ϯ 2.70 Hz after capsaicin perfusion (compared with that before capsaicin at 1.33 Ϯ 0.33 Hz, P Ͻ 0.05, n ϭ 6). The peak discharge rate in nodose fibers was 13.70 Ϯ 1.98 Hz (compared with that before capsaicin at 2.00 Ϯ 0.38 Hz, P Ͻ 0.05, n ϭ 7). After perfusion with capsaicin for 30 min, all jugular and nodose C fibers no longer responded to esophageal distension. All action potential discharges dropped to zero after capsaicin perfusion for 5-30 min.
TRPV1 antagonist AMG9810 inhibited acid-induced effects in esophageal jugular and nodose C fibers. Since the lower concentration of capsaicin mimicked acid-induced effects in esophageal jugular and nodose C fibers, we further tested the hypothesis that TRPV1 antagonist could block these effects. Perfusion with TRPV1 receptor antagonist AMG9810 (1 M for 30 min) itself evoked action potential discharges in most jugular C fibers (n ϭ 7/8). The peak discharge rate averaged 3.25 Ϯ 0.77 Hz after AMG9810 perfusion (compared with baseline at 1.13 Ϯ 0.44 Hz, P ϭ 0.006, n ϭ 8). However, AMG9810 did not significantly change the mechanical excitabilities of these jugular C fibers. The peak discharge rates were 3.0 Ϯ 0.46, 5.00 Ϯ 0.50, and 7.38 Ϯ 0.98 Hz before and 3.88 Ϯ 0.61, 7.00 Ϯ 1.20, and 10.50 Ϯ 2.82 Hz after AMG9810 perfusion at esophageal distension pressures of 10, 30, and 60 mmHg, respectively (P Ͼ 0.05, n ϭ 8).
Continually in the presence of AMG9810, acid perfused for 30 min did not activate most of these jugular C fibers (n ϭ 6/8). The peak discharge rate was not significantly changed (before vs. after AMG9810ϩacid: 3.25 Ϯ 0.77 vs. 4.25 Ϯ 1.16 Hz, P ϭ 0.155, n ϭ 8) (Fig. 4A) . Similarly, in the presence of AMG9810, acid perfusion did not decrease mechanical excitabilities in these jugular C fibers. The peak discharge rates Esophageal distension (mmHg) Peak of AP (Hz) (Fig. 4C ). This indicated that TRPV1 antagonist AMG9810 prevented acid-induced decrease of mechanical excitability in jugular C fiber. After washing out AMG9810ϩacid for 30 min, six of eight fibers were still not be able to respond to capsaicin (1 M). All these six fibers were further proved to respond to TRPA1 agonist AITC (300 -400 M). Furthermore, after washing out capsaicin for another 60 min, four of these six fibers could be activated by capsaicin (1 M) ( Table 1) . In nodose C fibers, AMG9810 (1 M) perfusion in tissue compartment for 30 min also evoked action potential discharges in some of studied C fibers (n ϭ 4/9). The peak discharge rate averaged 4.44 Ϯ 0.93 Hz after AMG9810 perfusion (compared with baseline at 2.33 Ϯ 0.44 Hz, P ϭ 0.034, n ϭ 9). AMG9810 slightly increased mechanical excitabilities in some of these nodose C fibers (n ϭ 4 -7 of 9 fibers) at different esophageal distension pressures, but overall mechanical excitability from all nine fibers did not significantly changed at distension pressures of 10 and 60 mmHg before and after AMG98010 perfusion (P ϭ 0.15 and P ϭ 0.19, n ϭ 9). The peak discharge rate induced by esophageal distension at 30 mmHg increased from 5.33 Ϯ 1.01 Hz to 8.78 Ϯ 1.91 Hz before and after AMG perfusion for 30 min (P ϭ 0.037, n ϭ 9).
Since acid did not activate nodose C fibers as shown above, perfusion with AMG9810ϩacid did not change the peak discharge rates in most (6/9) nodose C fibers (AMG9810 vs. AMG9810ϩacid: 4.44 Ϯ 0.93 vs. 6.33 Ϯ 1.47 Hz, P ϭ 0.051, n ϭ 9) ( Table 1) . But pretreatment with AMG9810 inhibited acid-induced decrease of mechanical excitability in most of these nodose C fibers (7/9) ( Table 1) . The peak discharge rates were 5.44 Ϯ 1.26, 8.78 Ϯ 1.91, and 13.89 Ϯ 3.16 Hz at distension pressures of 10, 30, and 60 mmHg after AMG9810 perfusion for 30 min. These peak discharge rates did not significantly changed after perfusion with AMG9810ϩacid for 30 min (5.33 Ϯ 1.59, 9.33 Ϯ 2.89, and 9.11 Ϯ 1.77 Hz at distension pressures of 10, 30, and 60 mmHg, respectively, P Ͼ 0.05, n ϭ 9) (Fig. 5A) . After washing out AMG9810ϩacid for 30 min, the responses of nodose C fibers to TRPV1 agonist capsaicin were tested. Capsaicin (1 M) evoked action potential discharges in six of nine nodose C fibers ( Table 1) . The other three fibers, which were negative to capsaicin, could be activated by AITC (300 -400 M).
ASIC inhibitor amiloride did not prevent acid-induced effects in esophageal jugular and nodose C fibers.
To determine whether ASICs also contributed to acid-induced effects in esophageal afferent subtypes, the ASIC inhibitor amiloride was selected in the present study. Perfusion with amiloride for 30 min itself slightly evoked action potential discharges in jugular C fibers. The peak discharge rate increased from baseline of 2.44 Ϯ 0.44 Hz to 3.67 Ϯ 0.65 Hz (P ϭ 0.005, n ϭ 9). But perfusion with amiloride for 30 min did not change the mechanical excitability in jugular C fiber. Following perfusion with and continually in the presence of amiloride, acid still induced activation responses and decreased mechanical excitabilities in these jugular C fibers. The peak of action potential discharges increased from 3.67 Ϯ 0.65 Hz to 7.33 Ϯ 1.78 Hz before and after amilorideϩacid perfusion (P ϭ 0.049, n ϭ 9) (Fig. 4B, Table 1 ). Esophageal distension-evoked action potential discharges decreased from 2.56 Ϯ 0.29, 4.78 Ϯ 0.55, and 7.22 Ϯ 0.83 Hz to 1.44 Ϯ 0.38, 2.56 Ϯ 0.63, and 2.89 Ϯ 0.65 Hz at distension pressures of 10, 30, and 60 mmHg, respectively (P Ͻ 0.05 at 30 and 60 mmHg, n ϭ 9). After washing out amilorideϩacid, four of nine fibers had no response to capsaicin (1 M) but could be activated by AITC (300 -400 M) (Fig. 4D , Table 1 ).
In nodose C fiber, amiloride perfusion for 30 min did not induce action potential discharges (baseline vs. amiloride: 1.83 Ϯ 0.31 vs. 3.67 Ϯ 1.15, P ϭ 0.15, n ϭ 6). Esophageal distension-evoked action potential discharges did not significantly change (before vs. after amiloride: 5.50 Ϯ 1.63, 8.17 Ϯ 1.74, and 11.17 Ϯ 1.45 Hz to 6.67 Ϯ 2.39, 9.67 Ϯ 2.36, and 14.00 Ϯ 3.73 Hz at distension pressures of 10, 30, and 60 mmHg, respectively; P Ͼ 0.05, n ϭ 6). Following perfusion with and continually in the presence of amiloride, acid perfusion significantly decreased mechanical excitabilities in all studied nodose C fibers. The peak discharge rates decreased from 6.67 Ϯ 2.39, 9.67 Ϯ 2.36, and 14.00 Ϯ 3.73 Hz to 4.67 Ϯ 2.30, 5.67 Ϯ 2.64, and 6.67 Ϯ 3.44 Hz after acid perfusion (P Ͻ 0.05, n ϭ 6). After washing out amiloride and acid, one of six fibers did not respond to capsaicin (1 M) but did respond to AITC (300 -400 M) (Fig. 5B, Table 1 ).
DISCUSSION
Acid-induced sensory transduction in visceral organ and tissue involves different ion channels and receptors in sensory nerve endings, depending on the acidity in the extracellular matrix (7) . Refluxed acid in the esophagus can stimulate both spinal and vagal afferents and induces painful sensation such as heartburn (11) . Previous studies have demonstrated that noxious acid stimulation activates only part of esophageal vagal (1, 13, 14) or spinal (16) (22, 23) . In this regard, we hypothesized that esophageal vagal afferent nociceptive subtypes distinctively responded to lower pH acid stimulation. Our data supported this hypothesis and demonstrated that lower pH acid perfusion activates esophageal jugular, but not nodose, C fibers. Acid perfusion inhibits both of their responses to esophageal distension. These effects can be mimicked by lower concentration of capsaicin and prevented by TRPV1 antagonist AMG9810. An elegant study (1) recently demonstrated that gastroesophageal luminal acidification transiently increased the resting firing frequency in mouse vagal nodose neurons but didn't alter their responses to mechanical distension. Furthermore, TRPV1 knockout mice displayed significant reduction in response to distension. We think several factors may contribute to these different observations between their findings and our present results, such as recording methods, species of animals, afferent nerve subtypes, and the way to study TRPV1 antagonism. Both TRPV1 and ASICs play important roles in protoninduced excitation and sensitization of nociceptors (4, 10, 17, 20, 21) ; however, their capabilities to respond to proton are different. In general, ASICs are involved in acute and mild pH decrease-induced ischemic pain in skeletal or cardiac muscles, whereas TRPV1 contributes predominantly to persistent and lower pH acid-evoked responses in cutaneous and visceral nociceptors (10) . The roles of TRPV1 in sensory transduction and transmission in the gastrointestinal tract have been well described. TRPV1 plays a prominent role in acid-induced activation and sensitization of sensory afferents in the esophagus (1, 6, 13, 14) , stomach (19) , and colon (3, 9, 18) . Certain subtypes of vagal ganglion neurons extensively express TRPV1, which are believed to mediate nociceptive sensation from the upper gut (24, 26) . In esophageal vagal afferent, TRPV1 contributed much more than ASIC3 in acid-induced responses (1), and such effects could be blocked by TRPV1 antagonist AMG9810 (14) . Our current data was consistent with the results from these studies and further clarified that two subtypes of esophageal vagal nociceptive afferents, nodose and jugular C fibers, distinctively responded to acid stimulation, and their responses were mediated mainly through a TRPV1-dependent mechanism. Our data showed that lower pH acid perfusion activated jugular C fibers but not nodose C fibers. Our previous studies (23) and the present data demonstrated that the TRPV1 agonist capsaicin evoked more action potential discharges in jugular C fibers than nodose C fibers in the esophagus. This indicates that activation responses to TRPV1 agonist between these two nociceptive afferent subtypes are different. This may account for the observation in the present study that acid at pH of 7.4 to 5.8 only evoked activation responses in jugular but not nodose C fibers.
Even though TRPV1 is less likely encoding mechanical stimulation directly in vagal afferents (2), TRPV1 knockout mice show decreased responses to gastroesophageal distension in vagal afferent (1) and to colon-rectal distension in colonic afferent (9) . This suggested that TRPV1 might still indirectly contribute to mechanical sensory transduction in visceral afferents. Activation of TRPV1 with capsaicin in nociceptor was usually followed by a refractory period, during which the nociceptor is resistant to capsaicin itself and other stimuli, including mechanical stimulation. Such refractory state may or may not be recovered depending on the dose and duration of initial capsaicin application (4). Our previous studies showed that capsaicin perfusion, at the concentration that inducing activation, usually led to such refractory state to both mechanical and chemical stimuli in esophageal nodose and jugular C fibers (23) . Our data in the present study demonstrated that acid perfusion inhibited mechanical excitabilities in both nodose and jugular C fibers, and these inhibitory effects could be recovered in nodose but not jugular C fibers after washing out acid in the tissue. Both activation and inhibition effects of acid were mimicked by lower concentration of capsaicin and blocked by TRPV1 antagonist AMG9810, supporting the hypothesis that TRPV1 plays an important role in acid-evoked responses in esophageal vagal afferent subtypes.
ASICs are expressed in both DRG and nodose neurons (8, 12) and participate in mechanical distension and acid perfusion-induced sensory transduction in esophageal vagal (nodose) afferents (1, 12) , gastric nodose and DRG neurons (19) , and colon afferent fibers (9) and colonic DRG neurons (18) . However, their contributions are much less obvious than TRPV1 and may only play minor roles in acid-induced sensory transduction in these visceral afferents (1, 9) . Consistent with the results from these previous studies, our data in the present study did not favor a role of ASICs in acid-sensing process in esophageal nodose and jugular C fibers. First, ASICs usually are rapidly inactivating, and require rapid acid exposure to investigate (9, 10) . In the present study, it took ϳ20 -30 min for the pH to drop from 7.4 to 5.8 in the tissue compartment after perfusion with noxious acidic KBS at a pH value of 4.4. This experimental design may have therefore reduced the apparent influence of these channels. Second, ASICs sense tissue acidity usually with pH ranging from 7.4 to 6.0 (10, 20, 21) , which is higher than acidic KBS with pH of 5.8 in the present study. Third, pretreatment with ASIC inhibitor amiloride does not prevent acid-evoked effects. It is noteworthy that, owing to the limitations of this experimental design and the nonspecific inhibition effect of amiloride, the involvements of ASIC subtypes in acid-sensing and acid-induced changes in mechanical excitability in these vagal afferent subtypes deserve further exploration.
In summary, the present study demonstrates that esophageal vagal nociceptive afferent subtypes display distinctive responses to acid. Noxious acid perfusion activates esophageal jugular but not nodose C fibers and inhibits both of their responses to esophageal distension. These effects are mediated mainly through TRPV1 in these nociceptive C fiber subtypes. This finding adds our knowledge on the mechanism of acidevoked responses in esophageal nociceptive afferents and may help to further elucidate the mechanism of acid-induced sensory/motor dysfunction in healthy and inflamed esophagus.
